Aims: The representativeness of the mandatory bacterial strains specified in European standards for in vitro assay of the bactericidal activity of antiseptics was evaluated by testing the activity of an antiseptic combining chlorhexidine digluconate 0.2% and benzalkonium chloride 0.5% against 21 additional bacterial strains, and the positive interaction between these two biocidal agents was assessed. Methods and Results: The bactericidal activity of the antiseptic solution used pure or diluted was assessed according to the European standards EN 1040 and EN 13727. The contact time was 1 min at 20˚C. Interfering substances used in the EN 13727 assay were bovine serum albumin and sheep erythrocytes, simulating "dirty" conditions, and hard water. A reduction of colony-forming units by ≥5 log 10 was deemed to meet the requirements to conclude bactericidal activity. Under "basic" conditions, the bactericidal activity of the antiseptic was observed against all four mandatory strains specified in the standards as well as against nearly all the additional strains tested, including most of those with acquired antibiotic-resistance. The positive interaction between the two biocidal agents was also confirmed. Under "dirty" conditions, the bactericidal activity of the antiseptic solution was maintained against all the mandatory strains and was reduced against only four of the additional strains tested. Conclusions: With regard to the antiseptic tested and under the experimental conditions described, bactericidal activity evidenced against the mandatory strains appeared to be representative of How to cite this paper: Salvatico, S., Feuillolay, C., Jabbour, V., Gouhier-Kodas, C. and Roques, C. that manifested against a wide range of the main pathogenic bacteria. Reduced bacterial activity against some of the additional strains tested (e.g. Enterobacteriaceae) was observed under "dirty" conditions. Significance and Impact of the Study: EN 13727 with some experimental adjustments represents an additional appropriate standard that needs to be considered for mucocutaneous antiseptic assessment. However, it may be worth including other specific bacterial strains to those specified in the standard, when evaluating antiseptics intended for use in certain clinical situations.
Introduction
Over the past decade, antiseptics have been increasingly used for prophylactic or therapeutic purposes, notably as a result of the continuing rise in the frequency of antibiotic resistance in the healthcare setting [1] . When used appropriately, antiseptics can decrease cutaneous or mucosal microbial colonization by reducing both transient and commensal flora [2] , and their clinical benefit in controlling infection is well established.
Many antiseptic formulations including active substances such as chlorhexidine, iodine or chlorine derivatives, or quaternary ammonium compounds (QACs), are currently available. The choice of an antiseptic and the optimal conditions of its use should be guided by its known antimicrobial spectrum, the targeted situations or indications (e.g. pre-procedural antisepsis, antiseptic treatment of skin, wounds or mucous membranes) and the potential risks of adverse effects related to each ingredient and to the formulation as a whole. Some mucocutaneous antiseptic agents, such as chlorhexidine or iodine derivatives, may have a broad spectrum of activity against the main bacteria, whereas others, like QACs, may kill a smaller range of disease-causing organisms depending on their membrane structure (Gram-positive or Gram-negative) [3] .
The spectrum of bactericidal activity of antiseptics is primarily determined using in vitro tests carried out according to internationally accepted standards and generally consisting in determination of the reduction in the number of viable test microorganisms by pure or diluted solutions of the antiseptic. The methodology used in this study conforms to that described in European (EN) standards. The standard EN 14885 [4] describes the application of European standards to chemical disinfectants and antiseptics and more specifically indicates the recommended and/or mandatory assays for active substances and newly marketed products: basic in vitro bactericidal activity (phase 1), in vitro activity under the conditions of intended use (phase 2, step 1), in vivo activity after standardized bacterial inoculation on skin (phase 2 step 2) and in vivo activity The standard EN 1040 [5] implemented in April 2006 and never updated since then, describes the phase 1 assay recommended to test the basic bactericidal activity of an active antiseptic substance or a formulated product under development. This assay may also be used, for instance, to assess potential interaction(s) between active substances or excipients. Bactericidal activity is determined against Pseudomonas aeruginosa ATCC 15442 and Staphylococcus aureus ATCC 6538, after a 5-minute contact time at 20˚C, in the absence of any organic contaminant.
The standard EN 13727 [6] is a phase 2 step 1 standard, describing the assay required for the in vitro bactericidal assessment of final, market-ready formulations of hand hygiene products. The aim of this assay is to establish the bactericidal activity of the product under simulated practical conditions relevant to its intended use (e.g. at dilutions and time points corresponding to the actual patterns of use of the final antiseptic preparation).
Although phase 2 standards for assay of the bactericidal activity of hygienic and surgical hand washes and hand rubs are well described in EN 14885 [4] The assay described in the standard EN 13727 [6] has already been used to assess the bactericidal activity of mucocutaneous antiseptics in the presence of interfering substances, i.e. under conditions resembling as closely as possible those pertaining to their routine use in medical practice [15] .
Two kinds of interfering substances are specified in this standard: a mixture of bovine albumin and erythrocytes for "dirty" conditions, or bovine albumin alone for "clean" conditions. The current version of EN 13727 [6] and stipulates specific contact times for hygienic or surgical hand washes and hand rubs.
The strains specified in EN 13727 [6] and in EN 1040 [5] are deemed to be representative of the most clinically relevant bacteria found in health care settings, in terms of spectrum and pathophysiological involvement [16] [17].
Hence, E. coli, P. aeruginosa, S. aureus and Enterococci are the leading pathogens responsible for the majority of nosocomial infections [17] [18] . However, the bacteriology of the commonly isolated (nosocomial) pathogens has changed 1) Is the bactericidal activity of this tested antiseptic preserved under "dirty" conditions and after a short contact time against both the mandatory and other relevant bacterial strains?
2) Do assays employing the two test strains stipulated in EN 1040 [5] and the four test strains specified in EN 13727 [6] provide sufficient evidence of the comprehensive bactericidal activity of this antiseptic?
We therefore investigated the in vitro spectrum of antibacterial activity against the mandatory test strains stipulated in the European standards EN 1040 [5] and EN 13727 [6] as well as against 21 other pathogens of concern in health care settings including antibiotic-resistant strains (such as methicillin-resistant
Staphylococcus species or vancomycin-resistant Enterococcus species) and other bacteria with pathogenic potential for the skin or mucosa. Finally, the known positive interaction between the two active substances included in this antiseptic preparation was checked.
Materials and Methods

Solutions
The antiseptic solutions tested are described below: 
Bacterial Strains
The bacterial strains stipulated by the standards EN 1040 [5] and/or EN 13727 [6] for bactericidal assay were used, namely S. aureus 
Trial Protocols
1) Evaluation of the Bactericidal Spectrum and Sensitivity to Interfering Substances
Bactericidal activity against S. aureus CIP 4.83, P. aeruginosa CIP 103467, and 23 additional strains was tested according to protocol described in EN 1040 (Table 1) [5] . Bacterial suspensions were prepared in tryptone salt at concentrations ranging from 1.5 × 10 8 to 5.0 × 10 8 CFU mL −1 , with final test concentrations ranging between 1.5 × 10 7 and 5.0 × 10 7 CFU mL −1
. The tested antiseptic was diluted in water for injectable preparations (to concentrations of 80%, 50% and 10% v/v). Preliminary assays were performed to define the range of dilutions allowing discrimination of differences in antibacterial activity. The tests were conducted according to standard conditions (5 min ± 10 s contact duration at a temperature of 20˚C ± 1˚C) and for an additional contact time of 1 min ± 5 s, to allow comparison with the results obtained using the protocol described in EN 13727 [6] .
The experimental conditions specified in EN 13727 [6] for hygienic and surgical hand rubs and washes were if necessary adapted according to the conditions of use of the tested antiseptic in its various indications. In particular, certain indications require dilution of the antiseptic prior to use. Notably, for use specifically on the vaginal mucosa (against Neisseria gonorrhoeae, Gardnerella vaginalis) and on wounds (against Clostridium perfringens), the product Assays were performed at a temperature of 20˚C ± 1˚C and with a contact duration of 1 min ± 5 s, more restrictive than the maximum contact time of 5 min stipulated in the standard for surgical hand rubs and washes.
The absence of any toxic effect of the experimental conditions and the neutralizer (or filtration procedure), as well as the validation of the dilution neutralization step was checked as specified in the standards EN 1040 and EN 13727 [5] 
Results
Spectrum of Bactericidal Activity and Sensitivity to Interfering Substances
As shown in Log reduction ≥ 5
The theoretically inactive concentration tested was 0.1% (data not shown). Bactericidal activity is expressed as a logarithmic reduction at the tested concentrations 80%, 50% and 10%. Open Journal of Medical Microbiology protocol, [5] ) was demonstrated against both Gram-positive and Gram-negative bacteria, including anaerobes and microaerophiles and, above all, against strains expressing acquired antibiotic resistance (log reduction in CFU count ≥ 5). Under these experimental conditions, the bactericidal activity of the antiseptic was sustained even when diluted to 10% (v/v). The only concentration bactericidal against Proteus mirabilis was 10% (v/v), the log reduction in CFU count noted for this strain at the higher concentrations being under 5 (4.59 at 80% with a contact time of 5 min, and 4.53 at 50% with a contact time of 1 min).
Under drastic conditions, including dilution of the product in hard water and "dirty" conditions (as specified in EN 13727 [6] ), the bactericidal activity of Dermobacter® was for the most part preserved, even after a short (1 min) contact time ( Table 3) . At the 10% concentration, the antiseptic achieved a log reduction in CFU count ≥ 5 on 22 out of 25 strains and a log reduction ≥ 3 but <5 on 
CHX-BZK Interaction and Final Formulation Validation
According to preliminary assays on the CHX 0.2% -BZK 0.5% combination, demonstrating bactericidal activity at a dilution of 0.5% and loss of activity at a dilution of 0.1% (data not shown), the concentrations tested for the interaction assessment ranged from 0.1% to 0.6% (v/v). The mean logarithmic reductions in CFU count achieved against S. aureus CIP 4.83 and P. aeruginosa CIP 103467 after a 5-min contact are presented in Table 4 .
The bactericidal activity of the CHX-BZK combination was higher than that of each active substance tested separately, confirming a positive interaction between the two antiseptic agents. The CHX-BZK combination showed bactericidal activity at concentrations of 0.2% against S. aureus and 0.5% against P. aeruginosa, whereas these concentrations were inactive when the component antiseptic agents were tested individually ( Table 4 ).
The licensed antiseptic solution Dermobacter® manifested a bactericidal activity similar to that of the CHX-BZK solution, indicating no negative interaction with the excipients present in the formulation.
Discussion
The current requirement to establish that active substances or products under The theoretically inactive concentration tested was 1% or 0.1% (for the mandatory strains and for the additional strains, respectively; data not shown). Bactericidal activity is expressed as a logarithmic reduction at the tested concentrations 97%/80% (97% for the mandatory strains, 80% for the additional strains with the exception of S. marcescens, P. mirabilis and C. perfringens for which both concentrations were tested), 50%, and 10%. suspension tests are required, such as those stipulated in the standard EN 13727, applicable to antiseptic products intended for hygienic or surgical hand rubs and washes [6] .
Both these standards specify the use of mandatory bacterial strains including
Gram-positive cocci belonging to the most important groups (S. aureus and E. hirae), and the main representatives of Gram-negative bacilli (E. coli among the Enterobacteriaceae and P. aeruginosa). However, many other bacteria may be involved in infections and consequently need to be controlled by the use of antiseptics. For this reason, extended assays of bactericidal activity were performed on a licensed antiseptic (Dermobacter®, containing the active substances CHX 0.2% and BZK 0.5%) to validate its bactericidal activity against the four mandatory strains stipulated by the relevant European standards, in comparison to that manifested against a further 21 bacterial pathogens implicated in various mucocutaneous infections, some of them presenting acquired resistance to antibiotics.
First, the basic spectrum of bactericidal activity of the antiseptic was determined against a wide range of bacterial strains after 1 min of contact (at 20˚C) versus 5 min as recommended in the EN 1040 standard [5] . Under these defined conditions, the acceptance criterion for a log reduction in CFU count ≥ 5 was whatever the concentrations used for the assays. The exception was Proteus mirabilis, against which only a ≥3 to <5 log reduction in CFU counts was observed at the highest concentrations (80% and 50%).
In a second step, assays were performed under more drastic conditions, i.e.
with dilution in hard water and in the presence of interfering substances corresponding to "dirty" conditions as defined in EN 13727 [6] . These assays similarly employed a contact time with the antiseptic of 1 min at 20˚C, and evaluated bactericidal activity against the four mandatory strains stipulated in EN 13727 and 21 additional strains. In this standard, a 5 log reduction and a 3 log reduction are required for hygienic hand-rub (highest tested concentrations: 97%/80%) and hand-wash (highest tested concentration: 50%), respectively. The bactericidal activity of Dermobacter® under these conditions was maintained against the majority of the bacterial strains tested. However, no bactericidal activity against Proteus mirabilis was noted whatever the antiseptic concentration tested, and a decrease in the log reduction in CFU counts (from ≥5 to ≥3 under basic conditions to <5) against C. perfringens was detected at all antiseptic concentrations tested. Against S. marcescens, the antiseptic exhibited a ≥ 3 to <5 log reduction in CFU counts at concentrations of 80% and 50%, while the 10% concentration was inactive (log reduction < 3). Against ESBL-producing K. pneumoniae CTXM15, the log reduction was decreased to ≥3 to <5 at the 80% concentration but a ≥5 log reduction was preserved at the 50% and 10% concentrations. Such a decrease in bactericidal activity at high concentrations has already been described with other antiseptics. In particular, the presence of certain excipients, particularly detergents, has been postulated to effect bactericidal activity depending on their concentrations [15] [20] . The coco alkyl dimethyl betaines contained in Dermobacter® have known detergent properties that may affect the bactericidal efficacy of this product against certain specific bacterial strains.
Comparison of the results obtained according to the two relevant European standards leads to the conclusion that 1) assays in which hard water is used to prepare dilutions of the antiseptic and that are conducted under "dirty" conditions are more discriminating than phase 1 tests to validate the intended use of a licensed antiseptic, 2) the bactericidal activity of the antiseptic evaluated was preserved in the presence of interfering substances (including minerals, proteins and erythrocytes), against the mandatory strains stipulated in the standards, as well as against most of the additional strains tested, with nevertheless some exceptions. As antiseptics are used in routine medical practice on both "clean" and "dirty" skin wounds, and the presence of whole blood or white cells is known to decrease their bactericidal activity, it is worth questioning why antiseptics intended for wound cleansing are still not required to meet standard criteria with interfering substances present. The draft revised version of EN 14485 currently under review does not envisage the use of "dirty" conditions for testing antiseptics. Consistently, in the very recently edited chapter of the European Pharmacopoeia (2017 edition) concerning determination of the bactericidal, fungicidal or yeasticidal activity of antiseptic medicinal products, the protocol described involves the use of only interfering substances corresponding to "clean" conditions and a contact temperature of 33˚C [21] . Neither dilution of the product in hard water nor the use of "dirty" conditions is required. Moreover, the recommended contact time (5 min for bacteria and 15 min for fungi) does not appear to match the actual conditions of use.
Dermobacter® manifested a lower bactericidal activity against P. mirabilis than against the other bacterial strains tested, detected by the assay performed according to EN 1040 and confirmed by the assay conducted as specified in EN 13727
protocol. This finding was not surprising, given that P. mirabilis is considered as one of the species least susceptible to chlorhexidine among Gram-negative bacteria [22] . For three strains (two other Enterobacteriaceae and C. perfringens), a log reduction < 5 but ≥3 was noted in the EN 13727 assay, emphasizing that bactericidal activity persists and may be improved by a longer contact time. This is also suggested by the 5-fold log reduction in P. mirabilis counts reached after a 5-min contact time under the conditions stipulated in EN 1040 [5] (result not shown).
It is worth noting that under "dirty" conditions, the bactericidal activity of Dermobacter® against the five tested strains with acquired antibiotic resistance mechanisms-and chosen because of their potential cross-resistance to antiseptics-was maintained at all dilutions, except against ESBL-producing K. pneumoniae CTXM15 at the highest concentration (log reduction in CFU counts ≥ 3 but < 5). Nevertheless, the issue of cross-resistance between antibiotics and antiseptics remains a matter of debate and controversy [23] . Finally, a previous study already underlined the value of adapting EN 13727 conditions to validate antiseptics intended for cutaneous and mucosal uses [15] . In that study, the bactericidal activity of the licensed antiseptic Dermobacter® (containing 0.2% CHX and 0.5% BZK) against the mandatory strains was fully preserved under "dirty" conditions (log reduction > 5) unlike that of the other tested products containing respectively povidone-iodine (PVI) and a combination of hexamidine, chlorhexidine and chlorocresol.
The results of our study confirm the choice of the mandatory strains stipulated in EN 1040 and EN 13727 to validate an antiseptic formulation. However, adding certain other strains to those currently specified in the standard, such as those suggested here (P. mirabilis, C. perfringens and S. marcescens) could be of interest, depending on the intended clinical use of the antiseptic tested, although further experiments with other antiseptic agents would be needed to confirm their relevance. Antibiotic-resistant strains could also be added, even though in this study these strains did not appear to be less susceptible than the other bacteria tested.
The interactions between CHX and BZK and the impact of the excipients of the licensed antiseptic tested were also investigated in our study. With respect to bactericidal activity against S. aureus, the active concentration of the 0.2% CHX -0.5% BZK combination was reduced by a third compared with those determined for CHX or BZK when tested separately. This positive interaction could [27] . Against P. aeruginosa, the bactericidal activity determined for CHX and BZK when tested individually was maintained when these compounds were assayed in combination. Our results therefore confirm that these two cationic agents are compatible, have no negative interactions, and may even interact positively against some microorganisms.
The licensed antiseptic tested exhibited a bactericidal activity similar to that of the combination of its two active substances alone (CHX 0.2% -BZK 0.5%). This result emphasizes that the excipients contained in the marketed formulation did not impair the bactericidal efficacy of these antiseptic agents against the tested strains. This is in line with the report published by Cowley et al. (2015) , suggesting that many formulated microbicides may even exhibit greater antibacterial potency than their unformulated active substances [28] .
Resistance to antiseptics, including chlorhexidine [1] [22] , but also QACs [29] [30], is becoming a challenge, particularly in the presence of interfering substances. This phenomenon leads to the selection of microbicide-resistant bacteria. In this context, the results mentioned above stress the need for further investigations on antiseptic combinations. It may be hypothesized that the combination of active substances that act on similar or different targets on bacterial cells could be an interesting approach to limit or counteract the development of resistance, notably by reducing their respective active concentrations and/or enlarging their spectra of bactericidal activity. Benefits of such combinations have been reported, for instance, with respect to hydroalcoholic solutions of CHX and PVI [31] [32] [33] . Similarly, BZK has been shown to be a key factor for the preservation of bactericidal activity of a CHX 0.2% -BZK 0.5% formulation in the presence of interfering substances, the activity of CHX 0.2% alone being inhibited by 0.3% bovine albumin, whereas the combination CHX 0.2% -BZK 0.5% remained bactericidal [14] .
In conclusion, the licensed antiseptic tested (Dermobacter®; CHX 0.2% -BZK 0.5%) exhibited a broad spectrum of bactericidal activity in vitro, including activity against strains with acquired antibiotic resistance. Its bactericidal activity against the majority of the strains tested was unchanged under "dirty" conditions and may be expected to remain unchanged in vivo, within its range of indications concerning the prevention and treatment of cutaneous and mucosal infections.
The results obtained with this licensed antiseptic support EN 14885 recommendations regarding phase 2 standards for newly marketed products and indicate that the mandatory strains stipulated in the standards EN 1040 [5] and EN 13727 [6] are representative to assess the bactericidal activity of antiseptic. The 1 min contact time and the presence of interfering substances appear to be the most appropriate testing conditions for mucocutaneous antiseptics. However, considering the decrease in the bactericidal activity of Dermobacter® against a 
